WASF3 has been shown to be required for invasion and metastasis in different cancer cell types and knockdown of WASF3 leads to suppression of invasion/metastasis. Aberrant signaling through the interleukin 6/Janus kinase (JAK)/signal transducer and activator of transcription 3 (STAT3) axis in cancer cells has emerged as a major mechanism for cancer progression. In this study, we demonstrate that interleukin 6 induces both WASF3 expression and phosphoactivation in breast and prostate cancer cell lines through the JAK2/STAT3 pathway in two different ways. First, we show that STAT3 binds directly to the WASF3 promoter and increases transcription levels, which correlates with increased migration potential. Inactivation of STAT3 with short hairpin RNA, dominant negative constructs or S3I-201 leads to reduced WASF3 levels and reduced migration. Second, we have shown that JAK2, while activating STAT3, also interacts with and activates WASF3. Inhibition of JAK2 with short hairpin RNA or AG490 leads to loss of migration due to reduced WASF3 activation levels and prevention of its membrane localization. Together, these results define a novel signaling network whereby JAK2/STAT3 signaling creates a feed-forward loop to raise activated WASF3 levels that promote cancer cell motility.
Introduction
Metastasis is the primary cause of death in cancer patients and there is now convincing evidence that the acquisition of the metastatic phenotype is genetically controlled and apparently involves a wide variety of genes (1) . On the one hand, a subclass of genes has been demonstrated to suppress metastasis while not affecting proliferation rate or tumorigenesis (2) . On the other hand, individual genes have been shown to promote metastasis and if these genes are inactivated in any way, metastasis and invasion are suppressed (3) (4) (5) . There have been many reports suggesting individual genetic events lead to suppression or promotion of metastasis, suggesting a complex and diverse series of pathways are potentially involved in this phenotype; although as we learn more about the function of some of these genes, it appears that these pathways may intersect and be coordinately regulated by a subset of master regulatory genes.
The Wiskott-Aldridge syndrome family (WASF) (6) of proteins carry motifs implicating them in actin cytoskeleton dynamics (7) . Inactivation of WASF3 in breast and prostate cancer cells not only reduces motility and invasion in vitro but also metastasis in vivo (8, 9) . Cytoplasmic WASF proteins are largely retained in an inactive form (7) and are phosphoactivated in response to stimulation by growth factors such as platelet-derived growth factor (10) . As a result, conformational changes expose motifs at the C-terminal end, which leads to recruitment of ARP2/3, promoting lamellipodia formation and increased cell motility and invasion (7) .
We recently investigated how WASF3 regulates motility and invasion and have shown that knockdown of WASF3 leads to upregulation of the KISS1 metastasis suppressor gene (9) . KISS1 normally suppresses activation of nuclear factor-kappaB (NF-κB) by promoting its interaction with inhibitor of NF-κB alpha. Downregulation of KISS1, a metastasis suppressor gene (11, 12) , releases the inhibition by inhibitor of NF-κB alpha allowing relocation of NF-κB to the nucleus in a WASF3-dependent manner (13) , where one consequence is upregulation of Zinc Finger E box-binding homeobox 1 gene levels, which in turn represses the chromosome 1 miR-200 cluster, which normally suppress invasion and metastasis (14) . Elevation of Zinc Finger E box-binding homeobox 1 gene also results in suppression of E-cadherin, loss of which is a critical step in the epithelial-to-mesenchyme transition associated with metastasis (14) . WASF3 is present in a protein complex with the p85 subunit of phosphatidylinositol 3-kinase (8) and the Abelson murine leukemia viral oncogene homolog 1 kinase (15) . Inactivation of either of these two kinases leads to reduced phosphorylation of WASF3, which is associated with loss of invasion. Expression of WASF3 has been reported to be elevated in advanced stage tumors (15) and overexpressing WASF3 in cancer cells leads to increased invasion potential (14) . In a recent classification of breast cancer (16), the highly aggressive 'claudin-low' subgroup, which includes the triple negative tumors, showed increased expression of WASF3. How WASF3 is transcriptionally regulated in the cancer cell, however, is still unclear.
Aberrant expression of cytokines can profoundly affect tumor-cell processes including cell growth, survival, inflammation, migration and invasion (17, 18) . Although interleukin (IL)-6-induced Janus kinase (JAK) and signal transducer and activator of transcription 3 (STAT3) activation has been implicated in tumor-cell metastasis (19) (20) (21) (22) , the mechanism remains poorly understood. Our findings here provide new insights into the downstream molecular events of IL6/JAK2/ STAT3 axis in breast and prostate cancer cell invasion and metastasis. We identified STAT3 as a direct regulator of WASF3 expression and show that IL6-induced JAK2/STAT3 activation leads to increased WASF3 expression. Moreover, we show that IL6-induced JAK2-WASF3 protein interaction leads to increased phosphoactivation of WASF3, which is independent of JAK2/STAT3 signal transduction. Thus, constitutive activation of the JAK2/STAT3 pathway in cancer cells appears to be one of the ways by which advanced stage cancers can upregulate WASF3, which promotes invasion and metastasis.
Materials and methods

Cell culture and standard assays
All cell lines were purchased from American Type Culture Collection (Rockville, MD). Standard cell culture, transient transfections, luciferase reporter assays, western blotting, immunoprecipitation (IP), immunofluorescence, quantitative reverse transcription-polymerase chain reaction (QRT-PCR), cell migration assays and lentiviral transduction were carried out as described previously (9, 14, 23) .
DNA constructs, antibodies and other reagents
The WASF3/JAK2/STAT3 axis in cancer cell motility GP130-blocking antibody BR-3 (Cell Sciences, Canton, MA). Recombinant Human IL6 was purchased from R&D Systems (Minneapolis, MN), the AG490 JAK inhibitor, EGFR inhibitor Gefitinib and STAT3 inhibitor S3I-201 were obtained from Selleckchem (Houston, TX), and the SRC inhibitor, Dasatinib, was purchased from ChemieTek (Indianapolis, IN).
Chromatin immunoprecipitation and oligonucleotide pull-down assays
Chromatin immunoprecipitation (ChIP) assays were performed as described previously (14, 24) . IgG and the human RPL30 gene were used as negative controls (25) . The primer set used to amplify the WASF3 promoter putative STAT3 binding sites was F 5′-ACACATCTGTAAAGAAAA-3′ and R 5′-TTTGCATGCCTTTATTCT-3′ (Supplementary Figure S1A , available at Carcinogenesis Online). The human RPL30 gene primers designed for ChIP assays were provided by Novus Biologicals (Littleton, CO). The oligonucleotide pull-down assay was performed as described previously (24) . In this analysis, the wild-type 5′-biotinylated double-stranded oligonucleotides (5′-AGTGTTTCTTGAACTATTCATTAGAATTTAAAATTTTTTCCTAAAA GTTT-3′ and 5′-AAACTTTTAGGAAAAAATTTTAAATTCTAATGAA 
Results
STAT3 upregulates WASF3 expression through direct binding to its promoter
High-level WASF3 expression has been associated with aggressive breast tumors (15, 16) , although it is not known how its expression is regulated. Analysis of the DNA sequence within the ~1100 base pairs upstream of the initiation of transcription site, which we have shown to contain the minimal promoter (24) To determine whether there is a correlation between WASF3 protein levels and levels of activated STAT3, we analyzed the relative levels of these proteins in several breast cancer cell lines known to have varying WASF3 levels (Supplementary Figure S1B , available at Carcinogenesis Online). MDA231 and SKBR3 cells show high levels of WASF3 and activated STAT3. In contrast, T47D cells, which do not express WASF3, and MCF7 cells, which express low WASF3 levels, both showed very low levels of activated STAT3 (Supplementary Figure S1B , available at Carcinogenesis Online).
STAT3 is required for IL6-induced WASF3 expression in breast and prostate cancer cells
Phosphoactivation of STAT3 leads to oligomerization (26) , which is required for its function as a transcription factor. IL6 has been shown to activate STAT3 signaling in many different cell types, and treatment of WASF3 expressing MDA231 cells with IL6 shows upregulation of WASF3 in a concentration-dependent manner using western blotting ( Figure 1C ) and QRT-PCR ( Figure 1D ). WASF3 induction by IL6 is also time dependent, with high levels of induction after only 15 min ( Figure 1E ). WASF3 levels were also dramatically increased by IL6 treatment in other breast cancer cell lines, SKBR3, MCF7 and MDA453 (Supplementary Figure S1C , available at Carcinogenesis Online). Starved MDA231 cells express low levels of WASF3 and low levels of activated STAT3 ( Figure 1F ). Treatment of these starved cells with IL6 induces STAT3 activation after 30 min, with a concomitant increase in WASF3 levels. We have shown previously that knockdown of WASF3 in DU145 prostate cancer cells also prevents invasion and metastasis (27) , and treatment of these starved cells with IL6 also resulted in increased WASF3 levels and STAT3 activation ( Figure 1F ) but not WASF1 and WASF2 levels ( Figure 1F ), providing further evidence for the lack of involvement of other WASF family members in invasion and metastasis. Using the oligonucleotide pull-down assay described above, STAT3 was shown to bind to the wild-type sequence but not an oligonucleotide with mismatched sequences in the STAT3 binding sites, even in the presence of IL6 ( Figure 1G ). When these cells were treated with the S3I-201 inhibitor of STAT3 activation, binding to the wild-type oligonucleotide is greatly reduced ( Figure 1G ). Using a WASF3 promoter reporter assay ( Figure 1H ), IL6 strongly increases activity with the +449/−1101 construct that contains the STAT3 binding sites but does not enhance luciferase activity in the +449/−747 construct lacking the STAT3 binding sites.
Together, these results demonstrate that activated STAT3 is a potent regulator of WASF3.
To investigate the relationship between STAT3 activation and WASF3 expression further, we used shRNA knockdown of STAT3 in MDA231, which reduces WASF3 protein levels and expression levels (Figure 2A) . Expressing a dominant negative (DN) construct (Y705F) that inactivates STAT3 in both MDA231 and DU145 cells leads to a concomitant reduction in WASF3 levels, which was the same as that seen in shSTAT3 knockdown cells ( Figure 2B ). Luciferase assays, using the +474/−1101 promoter construct in MDA231 cells, showed that inhibition of STAT3 using either DN constructs or specific shRNA leads to significant downregulation of WASF3 promoter activation ( Figure 2C ). Furthermore, shRNA knockdown of STAT3 renders MDA231 cells relatively insensitive to IL6 induction of WASF3 ( Figure 2D ), and IL6 cannot induce luciferase activity in the +474/−1101 WASF3 promoter in these cells ( Figure 2E ). Using transwell migration assays, IL6 treatment, which normally leads to increased migration ( Figure 2F ), does not affect this phenotype in MDA231 cells in which either WASF3 or STAT3 has been knocked down by shRNAs ( Figure 2F ), suggesting the function of WASF3 may be involved in STAT3-mediated cancer cell migration.
IL6-induced expression of WASF3 is dependent on GP130/JAK/ STAT3 signal transduction
Activation of STAT3 is achieved predominantly through the JAK1/2 kinases, which suggests that JAK1/2 may be responsible for regulation of WASF3. As seen in Figure 3A , application of IL6 to the cells in which JAK1/2 activity was suppressed by pan-JAK inhibitor AG490 led to reduced activation of STAT3 and a concomitant reduction in WASF3 levels. To determine the role of other kinases in mediating the IL6/JAK/STAT3/WASF3 axis, we pretreated with different kinase inhibitors before IL6 stimulation. Inhibition of STAT3 activation with S3I-201 or AG490 in the presence of IL6 leads to a loss of phospho-STAT3, which leads to reduced WASF3 levels ( Figure 3B ). However, inhibition of SRC or EGFR activation in IL6-treated cells with Dasatinib or Gefitinib could not block IL6-induced JAK2/STAT3 phosphorylation and WASF3 protein levels ( Figure 3B ) Using the luciferase promoter assay ( Figure 3C ), MDA231 cells treated with IL6 show increased levels of promoter activation, but this effect is significantly reduced when the cells are treated concomitantly with AG490 or S3I-201. IL6 activation of STAT3 is largely achieved through its preferred GP130 receptor (26) , although other receptors are also used. When GP130 was blocked in MDA231 cells using the BR-3 monoclonal antibody, no effect on WASF3 protein levels was detected following IL6 treatment (Supplementary Figure S2A , available at Carcinogenesis Online). Thus, IL6-induced expression of WASF3 is probably dependent on GP130/JAK/STAT3 signal transduction.
JAK2 is required for IL6-induced WASF3 expression and activation in breast and prostate cancer cells
Functional activation of WASF3 is believed to lead to activation of cytoskeleton reorganization promoting invasion and metastasis (7). Our previous studies suggested that phosphoactivation of WASF3 is required for migration and invasion of breast cancer cells (15) . Confocal microscopy ( Figure 3D ) of starved DU145 cells shows a flattened morphology allowing easy visualization of protein movement to the membrane. In starved DU145 cells ( Figure 3D ), WASF3 is found in the cytoplasm but when treated with IL6, a subfraction of WASF3 moves to plasma membrane protrusions at the leading edge of the cell, which demonstrates a functional consequence of IL6 stimulation of WASF3 activation. Consistently, IP analysis shows increased activated WASF3 levels, as well as WASF3 protein levels and activated STAT3 levels following IL6 treatment ( Figure 3E ). To determine whether activation of WASF3 is affected by manipulation of the JAK/STAT3 pathway, we pretreated MDA231 cells with either AG490 or S3I-201 before IL6 stimulation. When the cells were pretreated with AG490, WASF3 was not activated by IL6 treatment ( Figure 3F ). S3I-201 treatment, however, shows reduced WASF3 activation, presumably due to reduced total WASF3 levels ( Figure 3F ). Confocal microscopy (Supplementary Figure S2B, available at Carcinogenesis Online) shows a dramatic relocation of WASF3 to the membrane following addition of IL6, but this relocation to the membrane was prevented when JAK function is inactivated with AG490. Inactivation of STAT3 with S3I-201 suppresses WASF3 transcription, although it does not To target specific members of the JAK protein family, we used shRNA approaches to knock down either JAK1 or JAK2 in MDA231 cells. Specific knockdown of JAK1 does not lead to reduced WASF3 protein levels ( Figure 4B ). In contrast, knockdown of JAK2 ( Figure 4B ) led to a significant reduction in WASF3 levels, which is presumably due to loss of STAT3 activation (see above). Reduction in WASF3 levels is correlated with increased KISS1 levels following knockdown of JAK2. This is consistent with the inverse relationship between expression of these two genes as we demonstrated previously (9). This effect was also reflected in phosphoactivation levels of WASF3, which were only affected by JAK2 knockdown (Figure 4B ), and was maintained using different JAK2 shRNAs (Supplementary Figure S4 , available at Carcinogenesis Online), mitigating any offtarget effects. We further determined the relationship between protein-protein interaction levels and phosphorylation. In the presence of IL6, increased JAK2 protein and higher phosphorylation levels of WASF3 were found in the WASF3 immunocomplex compared with cells that were not treated with IL6 ( Figure 4C ), suggesting JAK2 activates WASF3 through direct interaction.
JAK2 plays a critical role in WASF3-mediated cancer cell migration
Non-invasive MCF7 cells express relative low levels of WASF3 (14) but do not show significant levels of activated WASF3 even in the presence of serum. We created MCF7 cells stably expressing an HA-tagged WASF3 protein, which in the presence of IL6 show increased levels of phosphoactivation of WASF3 ( Figure 4D ). Treatment with AG490 reduced activated WASF3 levels implicating JAK1/2 in the activation process ( Figure 4D ). To determine whether JAK2/STAT3 signaling affects WASF3-dependent cell migration in MCF7 cells forced to express WASF3, we used standard transwell migration assays ( Figure 4E ). In STAT3-knockdown MCF7 cells, IL6 treatment did not result in altered cell migration but in STAT3-silenced cells, exogenous expression of WASF3 led to a dramatic increase in migration ( Figure 4E ). This would be expected because, even though loss of STAT3 suppresses endogenous WASF3 transcription, JAK2 can still activate exogenous WASF3 driven by a constitutive promoter, which leads to increased cell migration. When JAK2 is knocked down, however, even in the presence of IL6, cell migration potential is not affected whether WASF3 is expressed or not ( Figure 4E ), which indicates that JAK2-mediated phosphorylation of WASF3 is critical for MCF7 cell migration. This was confirmed in Figure 4F where the MCF7 cells expressing exogenous WASF3 show increased activated WASF3 levels in the presence of IL6 even though STAT3 expression is inhibited, but when JAK2 is knocked down, activated WASF3 levels are dramatically reduced.
Discussion
Constitutive activation of STAT3 has been reported in a wide variety of human cancers (28) , in many cases associated with advanced stage tumors. In experimental systems, increased STAT3 activation correlates with increased invasion and metastasis (29, 30) . IL6 signaling, through activation of JAK2, is a significant means of activating STAT3, allowing dimerization and relocation to the nucleus (26) , where it is suggested that specific STAT3 target genes that are related to enhancement of metastasis are activated. We have now shown that one of these genes is WASF3, which is central to the JAK2/STAT3 regulation of invasion and metastasis. Previously, we demonstrated that inactivation of WASF3 in breast and prostate cancer cells that have functional JAK2/STAT3 signaling potential leads to loss of invasion and metastasis (8, 9) . Furthermore, cells that have not undergone the epithelial-to-mesenchyme transition, such as MCF7 cells, express very low levels of WASF3 (14) . Activation of JAK/STAT signaling in these cells by IL6 leads to increased WASF3 expression and invasion. Overexpressing WASF3 in MCF7 cells leads to increased sensitivity to JAK2-induced cell motility. In the reciprocal experiment, Gu et al. (31) demonstrated that WASF3 was one of the genes downregulated as a result of inactivation of STAT3 in prostate cancer cells. In this same series of experiments, WASF3 expression was not affected by knockdown of STAT5a/b, which showed a preferential association with cell growth and viability, compared with loss of STAT3 that specifically affected metastasis. These observations are consistent with our analysis of the WASF3 promoter region that did not contain consensus STAT5 binding motifs (data not shown). Thus, it appears that WASF3 provides the conduit through which extracellular cytokine signals involving JAK2/STAT3, and promoting invasion and metastasis, are processed. WASF3 is present throughout the cytoplasm of starved cells in its inactive, non-phosphorylated form. Stimulation with IL6 leads to WASF3 activation within 2 min, which is associated with relocation to the membrane to engage with JAK2. This clearly defines the critical response to cytokine, and possibly other growth factor, stimulation. Upregulation of WASF3 transcription by STAT3 occurs later than JAK2-induced WASF3 activation (~15 min), which increases WASF3 levels, which we have also shown is also related to invasion potential (9, 14) . These observations collectively suggest that JAK2 is a critical factor affecting WASF3 function in IL6 signaling, which interacts with and activates WASF3 almost immediately and subsequently upregulates WASF3 expression following JAK2 activation of STAT3.
Cytokines are produced by cells such as leukocytes and macrophages, which have important influence in the role of the microenvironment and metastasis (17, 18) . Cancer cells, however, also demonstrate autocrine action of IL6 signaling as a result of increased NF-κB expression, which regulates IL6 expression (32) . We have previously shown that WASF3 expression leads indirectly to the activation of NF-κB, through suppression of KISS1 function (14) . Increased NF-κB activity, therefore, increases IL6 production, which in turn can activate WASF3 through JAK2 and increased expression through STAT3. This autocrine loop, therefore, provides stimulation of the metastatic phenotype, which is enhanced by other related effects of WASF3 expression such as upregulation of ZEB1, which suppresses E-cadherin expression and downregulates the miR-200 family (14) . Thus, activation of WASF3 has central influence over many of the mechanisms that promote invasion and metastasis.
WASF3 is a member of a three-gene family, which shares the structural motifs that facilitate actin cytoskeleton reorganization (7) and both WASF1 and WASF2 have been implicated in cell movement but not specifically in invasion and metastasis. We have reported previously that the other WASF family members cannot compensate for loss of WASF3 in its functional control of invasion (10) . Knockdown of WASF1 or WASF2 does not affect KISS1 expression and does not have consequences on NF-κB signaling (9) . Here we show that STAT3 does not affect expression of WASF1 or WASF2 and IL6 does not induce their expression either. Analysis of the ~1000 bp of the initiation of transcription site in WASF1 and WASF2 failed to identify consensus STAT3 binding sites, providing one possible explanation why these two genes have not been implicated in invasion in response to cytokine stimulation. Thus, it appears that regulation of WASF3 and its influence on invasion and metastasis are specific to this family member in cell system studies so far. WASF3, therefore, presents a potential target to suppress metastasis.
Supplementary material
Supplementary Figures S1-S4 can be found at http://carcin. oxfordjournals.org/
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